Recent studies indicated that type II Toxoplasma gondii (Tg) GRA15 II favored the generation of classically activated macrophages (M1), whereas type I/III TgROP16 I/III promoted the polarization of alternatively activated macrophages (M2). A number of studies have demonstrated that M2 cells are involved in the pathogenesis of the liver fibrogenesis caused by Schistosoma japonicum. The purpose of the present study was to explore the inhibitory effect of Toxoplasma-derived TgGRA15 II on mouse hepatic fibrosis with schistosomiasis. The gra15 II and rop16 I/III genes were amplified from strains T. gondii PRU and Chinese 1 Wh3, respectively. Lentiviral vectors containing the gra15 II or rop16 I/III plasmid were constructed and used to infect the RAW264.7 cell line. The polarization of the transfected cells was evaluated, followed by co-culture of the biased macrophages with mouse hepatic stellate JS1 cells. Then, mice were injected with GRA15 II -driven macrophages via the tail vein and infected with S. japonicum cercariae. TgGRA15 II induced a M1-biased response, whereas TgROP16 I/III drove the macrophages to a M2-like phenotype. The in vitro experiments indicated that JS1 cell proliferation and collagen synthesis were decreased following co-culture with TgGRA15 II -activated macrophages. Furthermore, mice inoculated with TgGRA15 II -biased macrophages displayed a notable alleviation of collagen deposition and granuloma formation in their liver tissues. Our results suggest that TgGRA15 II -induced M1 cells may dampen the M2 dominant pathogenesis of hepatic fibrosis and granulomatosis. These results provide insights into the use of parasite-derived immunomodulators as potential anti-fibrosis agents and to re-balance the schistosomiasis-induced immune response.
INTRODUCTION
Schistosomiasis is a major chronic disease of humans in endemic regions. The formation of liver egg granulomas and hepatic fibrosis are the primary causes of morbidity and mortality in human schistosomiasis. 1 The continuous fibrogenic process of liver tissues after praziquantel therapy demonstrates the importance of developing new strategies against schistosomiasis. 2, 3 The immune response of mice to Schistosoma japonicum infection progresses through at least three phases. A Th1-like response dominates when the animals are exposed to migrating schistosomula during the first 4 weeks post infection. A Th2-like response gradually becomes apparent 1-2 weeks later; this response is primarily triggered by the soluble egg antigens produced by mature miracidia. The skewed response reaches its peak~8 weeks post infection, resulting in acute symptoms in patients. 4, 5 Then, the Th2 response is downregulated and the newly formed granulomas shrink during the chronic stage at week 12. 6 Thus, the Th2 response promotes gene transcription pathways associated with granuloma formation and collagen synthesis. 4 Recent studies indicated that hepatic macrophages were the main cellular components of granulomas and had an important role in host immune responses to schistosome infection. [6] [7] [8] Macrophages have the capability to promote, restrict or resolve inflammation and fibrosis depending on their activation state. [8] [9] [10] Two distinct states of polarized macrophage activation that mirror Th1-Th2 lymphocyte polarization have been recognized. The classically activated macrophage phenotype (M1) is activated by inflammatory cytokines such as interferon (IFN)-γ and is associated with the differentiation of Th1 cells. M1 macrophages produce inducible nitric synthase (iNOS), which helps generate the strong pathogen killing factor nitric oxide (NO). 11 In contrast, the alternatively activated macrophage phenotype (M2) is induced by Th2 cytokines such as interleukin (IL)-4 and IL-13 12, 13 and is characterized by high arginase-1 (Arg-1), macrophage mannose receptor and chitinase-like molecule (Ym1) expression. 14, 15 The shaping of macrophage functions is essential for host resistance to pathogens, tissue damage and repair. L-Ornithine, which is a major product of arginase catalysis, is a precursor for the production of polyamines and proline that favor cell proliferation and collagen production, respectively. 6, 16, 17 However, L-arginine may also be oxidized by iNOS to L-citrulline and NO, which may inhibit the collagen synthesis process. 18, 19 Thus, the data strongly suggest that M1 macrophages are favorable for the amelioration of fibrosis through NO production. 20, 21 Switching of macrophage functions from repair to killing during chronic schistosomiasis is likely critical when confronting the process of liver fibrosis. 22 Toxoplasma gondii is a highly successful obligatory intracellular parasite that is capable of infecting almost all warmblooded animals including humans and affects nearly 30% of the world population. 23, 24 T. gondii infection is usually asymptomatic in healthy adults but can cause lethal toxoplasmosis in immunocompromised individuals. 25, 26 Toxoplasma may establish a lifelong chronic infection in the host by evading and subverting the host immune system. T. gondii secretes essential effector molecules from secretory organelles, rhoptries, dense granules and micronemes into the host cytosol that modulate host signaling pathways and dictate virulence. [27] [28] [29] [30] [31] Among them, dense granule protein 15 (GRA15) and rhoptry kinase 16 (ROP16) have less dramatic but significant effects on virulence in mice and significantly alter host cell transcription. 29, [31] [32] [33] Effector polymorphism-associated studies have shown that mouse macrophages infected with type II Toxoplasma induce M1 cell activation, whereas macrophages infected with type I or III Toxoplasma are polarized toward an M2 state. This difference is due to polymorphisms in GRA15 II and ROP16 I/III , which activate STAT6/STAT3 signaling and nuclear factor (NF)-κB, respectively. 33 Interestingly, we found that Toxoplasma-type Chinese 1 strains possessed both GRA15 II and ROP16 I/III polymorphic effectors. 34, 35 In the present study, we infected the mouse macrophage RAW264.7 cell line with lentiviral vectors containing the gra15 II or rop16 I/III gene to drive macrophage polarization towards M1 or M2, respectively. The gra15 and rop16 genes were amplified from the PRU (type II) and Wh3 (Chinese 1) strains, respectively. GRA15 II -and ROP16 I/III -induced M1 and M2 macrophages were co-cultured with the mouse hepatic stellate JS1 cell line in transwells to verify the in vitro effect of the skewed macrophage phenotype on fibroblast activation and proliferation and collagen production. Additionally, the mice were treated with activated M1 cells via high-pressure injection of the tail vein followed by infection with schistosome cercariae and the pathology of liver granulomatosis and fibrosis were explored.
MATERIALS AND METHODS

Materials
Puromycin (PM), penicillin, streptomycin, phorbol 12-myristate 13-acetate, the hematoxylin and eosin (HE) staining kit, the Masson trichrome staining kit, ionomycin, transforming growth factor beta 1 (TGF-β1) antibody and flag-tag antibody were purchased from Sigma (St. Louis, MO, USA). Dulbecco's modified Eagle's medium, fetal bovine serum (FBS), Roswell Park Memorial Institute 1640 medium (RPMI 1640) and Hank's balanced salt solution were obtained from Wisent (Montreal, QC, Canada). Protease inhibitors, phenylmethanesulfonyl fluoride, the BCA protein assay kit, SDSpolyacrylamide gel electrophoresis and Red Blood Cell Lysis buffer were purchased from Beyotime (Shanghai, China). Radio-immunoprecipitation assay lysis buffer and nitrocellulose membranes were obtained from Millipore (Billerica, MA, USA). Antibodies against iNOS, Arg-1, matrix metalloproteinase 13 (MMP13), α-smooth muscle actin (α-SMA), type 1 collagen (Col I) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for western blotting were purchased from Proteintech (Chicago, IL, USA). Antibodies against α-SMA and TGF-β1 were obtained from Abcam (Cambridge, MA, USA). Col I and MMP13 were manufactured by Bioworlde (Louis Park, BD, USA) for immunohistochemistry (IHC) analysis. Enzyme-linked immunosorbent assay (ELISA) kits for α-SMA, iNOS, Arg-1, MMP13 and hyaluronic acid (HA) were obtained from CUSABIO (Wuhan, China), and cytokine kits were obtained from R&D Systems (Minneapolis, MN, USA).
Parasites
T. gondii tachyzoites from Wh3 (type Chinese 1) and PRU cysts (type II) were harvested from a laboratory mouse passage on days 3 and 30 post infection, respectively. Snails (Oncomelania hupensis) infected with S. japonicum were provided by the Jiangsu Institute of Parasitic Disease Control (Wuxi, China).
Plasmid construction and lentivirus infection
Amplification of the open reading frame encoding TgGRA15 II (lacking the signal peptide, 1500 bp, ToxoDB.org) and TgROP16 I/III (2124 bp, ToxoDB.org) was achieved through real-time (RT)-PCR from the whole PRU strain cyst RNA and Wh3 tachyzoite RNA, respectively. The primers were as follows: for gra15 II , forward 5′-CGCTCGAGAATAATTCGGTGGCTTG-3′ (the XhoI site is underlined) and reverse 5′-AGGGAT CCTTCATGGAGTTACCGCTGATTG-3′ (the BamHI site is underlined) and for rop16 I/III , sense 5′-GAATTCATGAAA GTGACCACGAAAG-3′ and antisense 5′-GGGTACCCTAC ATCCGATGTGAAGAAAGTT-3′ (the EcoRI and KpnI sites are underlined, respectively). Primer synthesis and gene sequencing were completed by Sangon Biotech (Shanghai, China). The plasmid vector pEGFP-C2 (BD Biosciences, Franklin Lakes, NJ, USA) was utilized to generate mammalian expression constructs carrying gra15 II or rop16 I/III . PCRgenerated fragments were directionally cloned into the pEGFP-C2 vector, and the recombinant plasmids were transformed into Escherichia coli DH5α. The recombinant lentiviruses lentiviral vectors (LV)-pEGFP-gra15 II and LV-pEGFProp16 I/III contained the Flag tag (GeneChem Co., Shanghai, China).
Cells and co-culture system
The mouse hepatic stellate JS1 cell line was a gift from Dr Jinsheng Guo from Shanghai Zhongshan Hospital (FuDan Univ Div Digest Dis, China). The RAW264.7 cell line was purchased from the American Type Culture Collection (Manassas, VA, USA). Recombinant lentivirus plasmids were transfected into RAW264.7 cells (empty LV was used as the control), and stable transfectants were selected with PM according to the manufacturer's instructions. The three transfected cell lines were named GRA15 II -RAW264.7, ROP16 I/III -RAW264.7 and LV-RAW264.7 and were cultured in Dulbecco's modified Eagle's medium supplemented with heat-inactivated 10-15% FBS, 2 mM L-glutamine (Gibco, Grand Island, NY, USA), 100 U/ml penicillin and 100 μg/ml streptomycin. The JS1 cells were maintained in the same medium as the RAW264.7 cells except for the absence of L-glutamine. All cell cultures were maintained in incubators set at 37°C with 5% CO 2 . The cell lines were routinely assessed and confirmed to be free of Mycoplasma contamination.
A co-culture system was established using transwell inserts (Corning, Corning, NY, USA). Briefly, the bottom of the inserts was composed of polyester materials with a pore size of 0.4 μm, which permitted the passage of only small and soluble factors but not cells. Tansfected RAW264.7 and control RAW264.7 cells (1.5 × 10 6 ) were separately added to the upper well. JS1 cells (8 × 10 5 ) in the lower wells were co-cultured in a 6-well plate for the indicated time intervals. The co-culture system was maintained in 3 ml of basic culture medium supplemented with 10% FBS and 1% penicillin/streptomycin in 5% CO 2 at 37°C. After co-culturing for 24 and 72 h, the JS1 cells were collected for total RNA and protein extraction.
Animal preparation and ethics statement
Six-week-old female BALB/c mice (17-20 g ) were provided by the Changzhou Cavens Laboratory Animal Company, China (production permit number: Scxk 2011-003). The mice were maintained at a facility with a controlled temperature (20 ± 2°C) and constant humidity (55 ± 5%) under a 12 h/12 h light/dark cycle with free access to food and water. All animal experiments were performed in strict accordance with the Chinese National Institute of Health Guide for the Care and Use of Laboratory Animals. All work was approved by the Institutional Review Board of the Institute of Biomedicine at Anhui Medical University (permit number: AMU 26-093628) and efforts were made to minimize the number of animals used and suffering during the experimental process.
The mice were randomly divided into four groups (12 mice per group) as follows: phosphate-buffered saline (PBS) control, GRA15 II -RAW264.7, LV-RAW264.7 and RAW264.7. Each mouse was infected percutaneously with 15 ± 2 schistosome cercariae 7 days after tail vein injection with treated cells (2 × 10 6 macrophages diluted in 150 μl PBS). The control mice were synchronously administered the same volume of PBS alone. All animals received a second injection on the day of parasite infection and were euthanized 56 days post infection with the schistosome cercariae.
Blood samples were incubated at 37°C for 30 min and centrifuged for 10 min (1, 200g, 4°C) for serum collection. The sera were stored at − 80°C before use. The liver was promptly removed and weighed. The same left lobe of the liver tissue was immediately fixed with 10% neutral buffered formalin for 24 h at room temperature and embedded in paraffin for pathological examination. The remaining liver tissues were stored at − 80°C prior to the RNA and protein assays.
Preliminary mouse experiments
Six BALB/c mice were used for the preliminary experiments. Four of the mice were injected with 2 × 10 6 GRA15 II -RAW264.7 cells through the tail vein and the other two were injected with PBS as the control. One GRA15 II -RAW264.7 cellinfused mouse was euthanized at 24 h, 48 h, 72 h and 7 days. The mouse liver tissues were used to generate frozen sections at the first three time points and for the assessment of Flag protein expression from the GRA15 II -RAW264.7 cells by western blotting at the last time point.
Western blotting
Four groups of RAW264.7 cells were co-cultured for 72 h with the JS1 cells. The JS1 cells and 100 mg of mouse liver tissues were lysed in ice-cold radio-immunoprecipitation assay buffer supplemented with protease inhibitors and phenylmethanesulfonyl fluoride, and the total protein concentrations were measured using the BCA Protein Assay Kit. Proteins were quantitatively separated through standard SDS-polyacrylamide gel electrophoresis, electrotransferred onto nitrocellulose membranes, probed with the corresponding antibodies, incubated with a horseradish peroxide-conjugated secondary antibody and detected using an ECL kit (Thermo Scientific Inc., Waltham, MA, USA).
The four groups of RAW264.7 cells were collected to detect the expression of the Flag tag (1:1000), iNOS (1:1000), Arg-1 (1:500) and MMP13 (1:800). JS1 cells co-cultured with the above RAW264.7 cells for 72 h were analyzed for α-SMA (1:2000), Col I (1:800) and TGF-β1 (1:1000) expression. Total proteins from mouse liver tissues were subsequently probed with the Flag tag antibody (1:1000). The mouse housekeeping gene encoding GAPDH (1:2000) was used as an internal control to normalize the expression of the target proteins.
RNA extraction and qRT-PCR
Total RNA was extracted from the cultured cells or liver tissues using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) and transcribed into cDNA following the manufacturer's instruction. SYBR Premix Ex Taq (Vazyme, Nanjing, China) was used for cDNA amplification, and quantitative RT-PCR was performed with the ABI Prism 7500 sequence detection system (Applied Biosystems, Foster City, CA, USA). The thermal cycling condition was programmed according to the manufacturer's instructions. GAPDH was used for normalization and as a control for the relative quantitative evaluation of the transcript abundance. Gene expression values from the qRT-PCR were analyzed using the threshold cycle (2 − ΔΔCt ) method. 36 All qRT-PCR reactions were performed in technical triplicates. The sense and antisense primers are listed in Table 1 .
Spleen lymphocyte isolation and cultivation
Spleens were removed aseptically from experimental mice and ground in Hank's medium. The cells were sieved through 75 μm cell filters and lysed with Red Blood Cell Lysis buffer. After washing twice, spleen lymphocytes were adjusted to 2 × 10 6 cells and seeded into 6-well plates in 1 ml of RPMI 1640 medium supplemented with 10% FBS. The cells were cultured for 6 h while being stimulated with 0.03 μg/ml phorbol 12-myristate 13-acetate and 1 μg/ml ionomycin. The lymphocytes and supernatants were collected separately for qRT-PCR and ELISA.
ELISA Accurately weighed liver tissues were homogenized with icecold PBS (pH 7.4, 10% w/v, 1 g tissue in 10 ml of ice-cold PBS). The homogenates were centrifuged at 12 000g for 10 min at 4°C and small aliquots (0.5 ml) of the resultant supernatants were placed in eppendorf tubes to measure the α-SMA, iNOS, Arg-1, MMP13 and Col I levels (USCN Business Co., Wuhan, China) in the liver tissues by ELISA. The plasma HA level was also quantified using an ELISA kit.
The four groups of RAW264.7 cells (2 × 10 6 cells) were seeded separately onto 6-well tissue culture plates for 48 h. Supernatants were harvested and assayed for cytokine production (TNF-α, IL-6, IL-10 and TGF-β1). Splenocyte supernatants were assayed for Th1/Th2 cytokine production (IFN-γ, TNF-α, IL-4 and IL-13).
All samples were processed in duplicate according to the manufacturer's guidelines. The absorbance was measured at 450 nm on an ELISA plate reader (Biotek, Winooski, VT, USA).
Arginase activity assay and nitrite analysis
The four groups of RAW264.7 cells (2 × 10 6 ) were cultured for 48 h, and the supernatants were measured for NO and arginase activity. The nitrite content was a reflection of the NO production and was determined using the Griess Reagent System (Promega Biotech Co., Madison, WI, USA) as previously described 37 and expressed as a millimolar concentration according to the manufacturer's instruction. The arginase activity was measured using a colorimetric method as previously described, 38 and the urea accumulation was quantified. Briefly, 10 mM MnCl 2 and 0.5 ml of arginine were successively added to the supernatants for 1 h at 37°C. The reaction was stopped by the addition of an acidic solution (H 2 SO 4 :H 3 PO 4 : H 2 O = 1:3:7). The optical densities (ODs) of both solutions were measured at 550 nm on an ELISA plate reader (Biotek).
Hepatic hydroxyproline
The hepatic hydroxyproline (Hyp) content was used as an indirect measure of tissue collagen. 39 The Hyp concentration in liver tissues (100 mg) was determined with a commercially available kit (Jiancheng Biological Engineering Research Institute, Nanjing, China). The Hyp content is expressed as μg/mg of liver wet weight.
Histology and IHC of liver sections
The liver specimens were embedded in paraffin blocks and cut into 4-mm-thick sections to examine the size of the granuloma by HE staining. Masson staining was used to detect the extent of hepatic fibrosis according to the manufacturer's instructions. The same portion of hepatic tissues was weighed accurately and digested in 5% sodium hydroxide (NaOH) solution at 65°C for 1 h to count schistosome eggs. The results are expressed as the number of eggs per gram of liver. IHC of the hepatic granuloma was conducted as previously described. 40 Immunostaining for α-SMA (1:1000), Col I (1:250), TGF-β1 (1:300) and MMP13 (1:150) was performed. The samples were incubated overnight at 4°C with primary antibodies and then with biotinylated secondary antibodies for 45 min. Quantitative and qualitative changes were analyzed using morphometric software (Image-Pro Plus software, Media Cybernetics, Inc., Rockville, MD, USA). 
Statistical analysis
The statistical analysis of the animal experiments was performed with samples from 5 mice, and the analysis of the cell experiments was performed with four biological replicates. Quantitative data are expressed as the mean ± s.d. The experimental data obtained were subjected to statistical analysis using one-way ANOVA followed by Tukey's multiple comparison test for comparison between the treatment and LV-RAW264.7 group. Correlations were determined using Pearson's test. All statistical analyses were performed using GraphPad Prism Version 5.00 (GraphPad Software, San Diego, CA, USA). Differences were considered statistically significant for P-values o0.05.
RESULTS
Transfected macrophages expressed GRA15 II or ROP16 I/III
The cells were observed under the fluorescence microscope to verify the transfection of the recombinant lentivirus plasmids. A large number of green fluorescent cells were observed, indicating the successful transfection and GFP expression in the RAW264.7 cells (Figure 1a) . The transfected RAW264.7 cells were selected with PM due to the presence of an anti-PM gene site in the lentivirus. Different PM concentrations were added to the medium of the treated RAW264.7 cells in 96-well cell culture plates to generate a gradient. The efficiency of GRA15 II -RAW264.7, ROP16 I/III -RAW264.7 and LV-RAW264.7 construction was 76.2%, 70.6% and 89.3% when PM was used at concentrations of 5, 2.2 and 6 μg/ml, respectively (Figure 1b) . difference was detected in TGF-β1 expression between the GRA15 II -RAW264.7 and LV-RAW264.7 cells. The secretion of inflammatory factors into the cell supernatants was determined by ELISA ( Figure 3) . The results in agreement with the relative mRNA expression levels were confirmed with the exception of IL12p40, which was expressed at an obviously low level (data not shown). Additionally, the NO concentration (Po0.001) was markedly increased in the GRA15 II -RAW264.7 cells (Figure 3b ) and urea production (Po0.001) was noticeably increased in the ROP16 I/III -RAW264.7 control cells ( Figure 3d ) compared with the LV-RAW264.7 cells. iNOS and Arg-1 protein expression determined by western blotting coincided with the mRNA transcript levels. The relative mRNA transcript ( Figure 2h ) and protein expression levels of MMP13 ( Figure 3g ) were significantly enhanced in the GRA15 II -RAW264.7 cells but not in the ROP16 I/III -RAW264.7 control cells compared with the LV-RAW264.7 cells. Additionally, Flag tag expression was confirmed by western blotting. As expected, Figure 3 Cytokine expression was altered in the RAW264.7 cells by transfection of the target genes (gra15 II or rop16 I/III ). The culture supernatants were collected and analyzed for TNF-α (a), NO (b), IL-10 (c), urea (d), IL-6 (e) and TGF-β1 (f) production by the transfected RAW264.7 and control RAW264.7 cells. The TNF-α and NO levels were enhanced and IL-6 was decreased in the GRA15 II -RAW264.7 cells, whereas the IL-10, urea, IL-6 and TGF-β1 levels were increased in the ROP16 I/III -RAW264.7 control cells compared with the LV-RAW264.7 cells. The transfected macrophage-related proteins Flag, iNOS, Arg-1 and MMP13 were detected by western blotting (g). The Flag tag was expressed with an approximate molecular weight of 58 kD (GRA15 II -RAW264.7 cells) and 80 kD (ROP16 I/III -RAW264.7 cells). Higher iNOS and MMP13 expression levels were detected in the GRA15 II -RAW264.7 cells compared with the LV-RAW264.7 cells. Correspondingly, escalated Arg-1 expression was detected in the ROP16 I/III -RAW264.7 cells compared to the LV-RAW264.7 cells (**Po0.01, ***Po0.001, n = 4). Arg-1, arginase-1; IL, interleukin; iNOS, inducible nitric synthase; MMP13, matrix metalloproteinase 13; NO, nitric oxide; TNF, tumor necrosis factor; TGF-β1, transforming growth factor beta 1.
GRA15 II and ROP16 I/III had approximate molecular weights of 58 and 80 kD, respectively (Figure 3g ).
GRA15 II -RAW264.7 cells had decreased profibrogenic factor profile expression in vitro
The fibrosis-related indices of JS1 cells, including α-SMA, Col I and TGF-β1, were analyzed by qRT-PCR and western blotting. No difference was found between JS1 cells co-cultured with LV-RAW264.7 and RAW264.7 cells. The relative α-SMA (Po0.05) and Col I (Po0.05) mRNA expression levels in the JS1 cells were downregulated in the GRA15 II -RAW264.7 co-cultured group but increased in the ROP16 I/III -RAW264.7 co-cultured group (Po0.001) compared with the LV-RAW264.7 cells (Figures 4a and b) . Moreover, TGF-β1 mRNA expression (Po0.05) was elevated in the ROP16 I/III -RAW264.7 co-cultured JS1 cells but no significant difference in expression was found in the GRA15 II -RAW264.7 cell coculture (P40.05; Figure 4c ). Parallel results were confirmed by western blotting (Figure 4d ). cell-treated mice (Po0.001; Figures 5d1 and e1) . No pathological change was evident in the LV-RAW264.7, RAW264.7 and PBS control animals. Fibrosis-inducing factors such as α-SMA, Col I, MMP13 and TGF-β1 were detected in the liver tissues by IHC (Figures 6a-d) , qRT-PCR (Figures 7a-d) and ELISA (Figures 8a-c) . Correspondingly, the serum HA levels (Po0.001; Figure 8f ) and liver Hyp content (Po0.001; Figure 8g ) were significantly decreased in the GRA15 II -RAW264.7 cell-transferred mice.
GRA15 II -skewed macrophages enhanced liver MMP13 expression and promoted the host Th1 response Mice were administered GRA15 II -RAW264.7 cells followed by schistosome infection. Consequently, all animals exhibited notable increases in mRNA transcription of MMP13 (Po0.01; Figure 7d ) and iNOS (Po0.05; Figure 7e ) together with elevated IFN-γ (Po0.01) and TNF-α (Po0.05) mRNA expression (Figure 9a) . No change was observed in the Arg-1 mRNA level (P40.05; Figure 7f ). In contrast, mice injected The Flag tag was detected in mouse liver tissues 7 days after GRA15 II -RAW264.7 cell transfer by western blotting. Pre-injection of GRA15 II -RAW264.7 cells diminished liver pathological lesions in schistosome-infected mice. The livers were removed and shown in c. The egg load was lower in the GRA15 II -RAW264.7-treated mice compared with the LV-RAW264.7-treated mice (c1). HE staining to show the granuloma area (d) and data analysis (d1). Masson staining was performed to assess the extent of hepatic fibrosis (e); the statistical analysis is shown in (e1). No significant difference in the pathological lesion index was observed between the LV-RAW264.7, RAW264.7 and PBS control mice. All asterisks indicate significant differences between the GRA15 II -RAW264.7 and LV-RAW264.7-treated mice (***Po0.001, n = 5). HE, hematoxylin and eosin; PBS, phophate-bufferred saline.
with GRA15 II -RAW264.7 cells presented a dramatic reduction in the IL-4 (Po0.001) and IL-13 mRNA levels (Po0.01) compared with the LV-RAW264.7 group (Figure 9a) . Parallel MMP13, iNOS and Arg-1 expression results were obtained by ELISA in the liver homogenate supernatants (Figure 8c-e) . Additionally, similar levels of the cytokines IFN-γ, TNF-α, IL-4 and IL-13 were detected in the pooled mouse serum and spleen lymphocyte supernatant samples (Figure 9b ).
DISCUSSION
The key pathogenesis of S. japonica includes granuloma formation due to the deposition of parasite eggs in the liver. A granuloma consists of infiltrated lymphocytes, macrophages (Kupffer cells), eosinophils, neutrophils and collagen fibers that surround mature eggs containing larvae that produce soluble egg antigens. Granuloma development possibly results in hepatic fibrosis followed by cirrhosis, which continues to be a significant cause of death 41 although the entrapment of the eggs by inflammation is considered a self-protective process.
In the murine model, mice deficient in the type 1 cytokines IFN-γ and IL12p40 showed little alteration in pathology. In contrast mice deficient in type 2 cytokines were unable to generate a granuloma. 42 Thus, hepatic fibrosis was reported to be caused by gene transcription pathways associated with collagen synthesis and matrix remodeling promoted by type 2-mediated cytokines, such as IL-4 and IL-13. 43 Additionally, TGF-β1 has been proposed to be a critical factor for the activation of the "resting'' hepatic stellate cells (HSCs) responsible for hepatic fibrogenesis. [44] [45] [46] Macrophages have a pivotal role in granuloma formation and the development of hepatic fibrosis during schistosomiasis. 4, 8, 47 Classically activated macrophages (M1 cells) mediate resistance to intracellular pathogens through the expression of cytokines and chemokines such as IL-12, CXCL9 and CXCL10, which promote the Th1 dominant response. [48] [49] [50] In contrast, alternatively activated macrophages (M2 cells) are critically involved in granuloma formation and fibrosis via the Th2 cytokine response. 19, 43, [51] [52] [53] [54] Recent studies revealed that the polymorphic dense granule protein GRA15 II and rhoptry protein ROP16 I/III secreted by type II or type I/III Toxoplasma induced differential macrophage polarization. 36, 46 GRA15 II , which is a protein with no homology to other proteins, actively evokes the responsiveness of infected host cells via the NF-κB signaling pathway and induces macrophages towards an M1 cell phenotype, whereas ROP16 I/III , which is an active kinase that directly phosphorylates the STAT6/STAT3 transcription factors, induces macrophages to resemble aspects of M2 cells. 27, 33, 46 Our previous work revealed that T. gondii genotype Chinese 1 predominantly circulated in animals and humans in China and contained a GRA15 II that was identical to the type II strains and a ROP16 I/III homologous to the type I strains. The ROP16 I/III allele has a leucine (L) at position 503 similar to the RH strain, which is responsible for the induction of M2 cell polarization. 55 Therefore, we established a novel strategy to directionally drive M1 cell polarization in vivo using GRA15 II to explore the inhibitory effect on the hepatic granuloma formation and fibrosis processes. The in vitro experiments indicated that the gra15 II-transfected RAW264.7 macrophages presented M1-like cell phenotypes based on the high iNOS, TNF-α and IL12p40 transcription, high iNOS and TNF-α protein expression levels and elevated nitric oxide production that coincided with the reported M1 iconic indicators 56, 57 with the exception of the IL12p40 protein level. In contrast, the rop16 I/ III -transfected macrophages showed a distinctive index of Arg-1, IL-10, and TGF-β1 expression that was consistent with the reported M2 phenotype 6, 46, [56] [57] [58] with the exception of IL-6. Moreover, IL12p40 is linked to NF-κB activation and is highly expressed in type 2 Toxoplasma-infected macrophages in vitro. 31, 59 In the present experiments, no significant Figure 7 The relative mRNA expression levels of fibrosis-related genes were examined in the liver tissues of schistosome-infected mice by qRT-PCR. The mRNA expression levels of α-SMA (a), Col I (b) and TGF-β1 (c) were significantly reduced and MMP13 (d) and iNOS (e) were elevated in the GRA15 II -RAW264.7 mice but not difference was observed in Arg-1 (f) (*Po0.05, **Po0.01, ***Po0.001, n = 5). Arg-1, arginase-1; Col I, type 1 collagen; iNOS, inducible nitric synthase; mRNA, messenger RNA; MMP13, matrix metalloproteinase 13; qRT-PCR, quantitative real-time PCR; α-SMA, α-smooth muscle actin; TGF-β1, transforming growth factor beta 1. difference in IL12p40 protein expression was found between the GRA15 II -RAW264.7 cells and LV-RAW264.7 control cells. In contrast to the previous report, 55 IL-6 expression was decreased in the GRA15 II -RAW264.7 cells and significantly upregulated in the ROP16 I/III -RAW264.7 cells. The reason for the discrepancy is unknown.
Furthermore, the GRA15 II -RAW264.7 cells had the capacity to mediate the restraint of fibrogenesis-related proteins by the murine hepatic stellate JS1 cell line, whereas ROP16 I/III -RAW264.7 cells promoted fibrogenesis via up-modulating α-SMA, Col I and TGF-β1 production in the JS1 cells in a co-culture system. This result was similar to the result obtained in a previous investigation that indicated that M1 cells inhibited co-cultured myofibroblast complex matrix deposition. 7, 60 Our data strongly suggested that the Apicomplexan Toxoplasma-derived protein GRA15 II but not the viable parasite might efficiently drive macrophage polarization towards M1 cells, which coincided with the previous reports by Jensen et al. 33 and Murray 55 TgGRA15 II is one of the polymorphic effectors secreted from Toxoplasma dense granules and may activate NF-κB and drive the pro-inflammatory M1 gene expression program during the early phase of Toxoplasma infection that constitutes the host innate immune response against the parasite.
We found high generation of TNF-α in the GRA15 II -RAW264.7 cells and increased TGF-β1 production in the ROP16 I/III -RAW264.7 cells. TNF-α has a negative effect on p38 MAPK phosphorylation and is an anti-apoptotic and Figure 8 Liver fibrosis-related proteins in the liver homogenate supernatants from schistosome-infected mice were tested by ELISA (a-e). The α-SMA and Col I levels were decreased and the MMP13 and iNOS were enhanced but no difference was detected in Arg-1 in the GRA15 II -RAW264.7-treated mice. HA was also quantified in the serum samples using an ELISA kit (f), and the Hyp content was determined by alkaline hydrolysis in the liver tissues (g). Lower HA and Hyp expression levels were detected in mice treated with GRA15 II -RAW264.7 cells than in mice treated with LV-RAW264.7 cells (*Po0.05, **Po0.01, ***Po0.001, n = 5). Arg-1, arginase-1; Col I, type 1 collagen; ELISA, enzyme-linked immunosorbent assay; HA, hyaluronic acid; Hyp, hydroxyproline; iNOS, inducible nitric synthase; MMP13, matrix metalloproteinase 13.
anti-proliferative factor for HSCs, whereas TGF-β1 is a powerful profibrogenic cytokine and has a key role in HSC activation and proliferation. 61 Additionally, high expression of MMP13 was observed in the GRA15 II -RAW264.7 cells, which was reported to contribute to the spontaneous regression of complex extracellular matrices. 62 The majority of investigations have indicated that M1 cells inhibit proliferation and collagen synthesis in fibroblasts 60 and the liver collagen deposition by which the granulomatous pathology is shaped, 21 resulting in amelioration of the hepatic fibrotic process. Thus, we presumed that GRA15 II -induced M1 cells might potentially alleviate fibrogenesis, including the liver fibrosis caused by schistosomiasis.
Due to the functional characteristics of the M1 cells induced by TgGRA15 II , we inoculated mice with the polarized macrophages followed by infection with S. japonicum, which induces progressive liver fibrotic lesions associated with the M2/Th2 response. Fibrosis was noticeably alleviated ( Figure 5 ) and the expression of profibrogenic factors such as α-SMA, Col I and TGF-β1 was decreased when GRA15 II -RAW264.7 cells were administered to mice followed by schistosome cercariae infection. In our previous study, GRA15 II -RAW264.7 cell transfusion did not have an influencing impact on either the pathology of hepatic tissues or the production of profibrogenic factors when the cells were administered at weeks 3, 4, 5 or 6 after schistosome infection (data not shown), suggesting that smaller granulomas and less collagen deposition might be related to preconditioned Th1 dominant immunity in the liver. Administration of GRA15 II -activated M1 cells induced a Th1/ Th2 re-balance based on the promoted production of IFN-γ, TNF-α, iNOS, and MMP13 and the downregulated expression of IL-4, IL-13 and TGF-β1. As shown in Figures 3b and g , the GRA15 II -RAW264.7 cells induced high expression of iNOS, which generates NO in Schistosoma-infected mice. NO is thought to be cytotoxic to schistosomes and thus may restrain hepatic fibrosis, 6, 16, 20, 63, 64 which coincides with the reduced liver egg counts in the GRA15 II -RAW264.7 cell recipient mice. Studies have also reported that cytokines (TNF-α, IL-12 and INF-γ) and NO are associated with the Th1 response and have an inhibitory impact on fibrosis in schistosomiasis. 19, 65 Furthermore, the elevated MMP13 expression in the liver tissues of the GRA15 II -RAW264.7-treated mice may directly dissolve the extracellular matrix and remodel the fibrotic liver as previously reported. 54 Taken together, we present evidence for the first time that the GRA15 II virulence-associated effector from T. gondii may induce M1 phenotype skewing of mouse macrophages and alter the cytokine profiles that contribute to granulomatous formation and fibrogenesis during the early stage of S. japonicum infection, leading to an ameliorative effect on hepatic fibrosis in mice. The present investigation may contribute to the understanding of the mechanism by which M2/ Th2 predominant immune responses are involved in the hepatic fibrogenesis caused by schistosomiasis and provide a potential strategy for fibrotic disease involving M1 macrophages driven by the nontoxic peptide derived from the protozoon parasite.
